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Abstract
Background
Dengue is the most prevalent arboviral disease transmitted by Aedes aegypti worldwide,
whose chemical control is difficult, expensive, and of inconsistent efficacy. Releases of
Metarhizium anisopliae—exposed Ae. aegyptimales to disseminate conidia among female
mosquitoes by mating represents a promising biological control approach against this
important vector. A better understanding of fungus virulence and impact on reproductive
parameters of Ae. aegypti, is need before testing auto-dissemination strategies.
Methodology/Principal Findings
Mortality, mating competitiveness, sperm production, and the capacity to auto-disseminate
the fungus to females up to the 5thcopulation, were compared between Aedes aegypti
males exposed to 5.96 x 107 conidia per cm2 ofM. anisopliae and uninfected males. Half
(50%) of fungus-exposed males (FEMs) died within the first 4 days post-exposure (PE).
FEMs required 34%more time to successively copulate with 5 females (165 ± 3 minutes)
than uninfected males (109 ± 3 minutes). Additionally, fungus infection reduced the sperm
production by 87% at 5 days PE. Some beneficial impacts were observed, FEMs were able
to successfully compete with uninfected males in cages, inseminating an equivalent number
of females (about 25%). Under semi-field conditions, the ability of FEMs to search for and
inseminate females was also equivalent to uninfected males (both inseminating about 40%
females); but for the remaining females that were not inseminated, evidence of tarsal con-
tact (transfer of fluorescent dust) was significantly greater in FEMs compared to controls.
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The estimated conidia load of a female exposed on the 5th copulation was 5,200 mL-1 which
was sufficient to cause mortality.
Conclusion/Significance
Our study is the first to demonstrate auto-dissemination ofM. anisopliae through transfer of
fungus from males to female Ae. aegypti during mating under semi-field conditions. Our
results suggest that auto-dissemination studies using releases of FEMs inside households
could successfully infect wild Ae. aegypti females, providing another viable biological con-
trol tool for this important the dengue vector.
Author Summary
Dengue virus (four serotypes) is transmitted primarily by the mosquitoes Aedes aegypti
and currently 2.5 billion people are in risk of being infected. The incidence of this
neglected disease is increasing in developing countries where communities have not been
able to effectively remove mosquito sources and their economies cannot afford the vector
chemical control. Our study is collecting some of the baseline information necessary to
evaluate a novel biological control strategy that would release Ae. aegyptimales mosqui-
toes infected with the fungusMetarhizium anisopliae. These fungus-infected males trans-
fer the fungus to female mosquitoes through leg contact during the mating process (This is
called auto-dissemination). The fungus killed 50% of males within 4 days of being exposed.
The fungus infection also increase the time that males need to mate with 5 females mos-
quitoes and reduced the sperm production by 87% 5 days after being infected. The ability
of fungus-exposed males (FEMs) to find and mate with females in the laboratory or a
small greenhouse was the same as for uninfected males. In particular, in the small green-
house FEMs made more mating attempts without insemination than the uninfected males
(more than twice the attempts). During both attempts and successful matings, the FEMS
were able to transfer fungus to females confirming that auto-dissemination does occur.
We also showed that the amount of fungus transferred to female, even after the 5thmating
(about 10% of male’s conidia load) was sufficient to kill 50% of females within 3 days.
These results indicate that there is potential for auto-dissemination ofM. anisopliae from
males to females as a dengue control tool.
Introduction
Aedes aegypti is the principal vector of the four dengue (DENV) virus serotypes [1]. Although
its control through larval source removal is effective, the only rapid but inconsistent way to
interrupt epidemic transmission is by chemical insecticides [2,3]. The scarcity of natural ene-
mies of Ae. aegypti [4,5] has led to promising research into biocontrol with entomopathogenic
fungus.Metarhizium anisopliae and Beauveria bassiana have been examined by direct expo-
sure of larvae to conidia (asexual, non-motile fungus spores) in water/oil, and through contact
of resting adults on fungus-impregnated black clothes/nets [6–11]. Furthermore,M. anisopliae
also reduces Ae. aegypti vectorial capacity by interfering with dengue virus replication; females
co-infected withM. anisopliae and DENV-2 had lower viral loads in heads compared to
females infected only with DENV-2 [12].Metarhizium anisopliae is a hyphomycetous insect-
pathogenic fungus of which the conidia infect insects by penetrating the cuticle.Metarhizium
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spp. are endemic worldwide and are not harmful to birds, fish, or mammals including humans
[13]. Their pathogenicity/toxicity/allergenicity has been studied intensively representing only
minimal risk to vertebrates, the environment and public health [14].
Auto-dissemination—the transfer of agents from infected organisms to others in a popula-
tion—has been shown to occur through tarsal contact during copulation for entomopathogenic
fungi associated with agricultural pests [15–17], but information for human disease vectors is
far more limited. They include the transfer ofM. anisopliae and B. bassiana between female
and male Glossina morsitans morsitans that has been reported [18], and successful auto-dis-
semination ofM. anisopliae from female to male Anopheles gambiae under laboratory condi-
tions [19].M. anisopliae conidia transfer from fungus-exposed males (FEMs) to female Ae.
aegypti [20] could provide an additional tool for integrated dengue vector control programs
through intradomicile releases of FEMs. The mating behavior of Ae. aegyptimight favor auto-
dissemination through the release of FEMs, because the polygamous males do not discriminate
between virgin or mated female mosquitoes [21], although the insemination occurs only in the
first 5 to 7 female mosquitoes [22]. Additionally, a small but potentially significant portion of
females have been observed to mate multiple times within a 48-hour period under semi-field
conditions [23]. In fact initial studies looking at conidia-transfer from FEMs to females in cap-
tivity have been promising [24]; a singleM. anisopliae-exposed male after 48-h confinement
with 30 female mosquitoes, infected the 85% of the females and killed the 50% in 7 days with a
90% sporulation and 99% fecundity reduction [20]. Prior to conducting a small-scale field trial
ofM. anisopliae auto-dissemination, it is critical to investigate numerous parameters; this
paper contributes by extending baseline semi-field experiments [23] and evaluating the fungal
effect on male sexual performance and the conidia transfer through successive copulations.
Understanding any impact on the quantity of sexual encounters is relevant because the fungus
is transferred from males to females by tarsal contact, which is the first step in the Ae. aegypti
copulation process [25].
This study examined baseline parameters necessary to evaluate the potential of fungus auto-
dissemination via the release of FEMs as a biocontrol tool, including the direct impact of fungal
infection on male mosquito survival, mating success both under laboratory and semi-field con-
ditions, copulation speed, sperm production, and finally the impact of conidia load on the
FEMs to transfer lethal doses to exposed females.
Material and Methods
Mosquito colony
Survival and conidia-transfer experiments described below used 4–7 day-old, sugar-fed virgin
male and female mosquitoes from an Ae. aegypti colony established in 2006 in Monterrey, NL,
Mexico and maintained as described in Garcia-Munguía et. al. (2011). Experiments to evaluate
sperm production in Ae. aegyptimales exposed toM. anisopliae compared to controls were car-
ried out in 3 day-old, sugar-fed virgin males.
Conidia dose and mosquito infection
All reported experiments utilized the Ma-CBG-2 strain ofM. anisopliae at an experimental
conidial dose (ED) of 5.96 x 107conidia cm-2 prepared as previously reported [20]. Briefly, the
fungus was cultured in potato-dextrose-agar plates incubated at 25 ± 2°C for 20 days in the
dark. The conidia yield was estimated by using a mixture of 0.5% Tween-20 and 0.5% Triton-X
in 0.85% saline solution. Spore suspension was centrifuged at 3,500 rpm for 10 minutes diluted
up to 1.6 x 108 conidia mL-1 with a hemocytometer, and 5 ml were applied to a 2.5 μm pore, 8
cm diameter filter paper to set up the ED. Both treated and untreated filter papers were placed
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in chambers described previously [12], where mosquitoes were confined for 24-h. Insectary
conditions were maintained at 25 ± 1°C, relative humidity (RH) of 80 ± 5%, and a photoperiod
of 14:10-h L: D.
Survival of Ae. aegyptimales exposed to experimental conidial dose of
M. anisopliae
Three replicate experiments were conducted, each compared 25 males mosquitoes exposed to
ED treated filters with 25 male mosquitoes exposed to untreated control filters for 24-h. After
exposure mosquitoes were transferred to separate 1-liter translucent plastic flasks covered with
a mesh and a cotton pad soaked with 5% sucrose. The flasks were monitored daily for mortal-
ity. Cadavers were removed and twice submerged in 1% sodium hypochlorite, washed in dis-
tilled water, and placed in humid chambers for fungus sporulation.
Effect ofM. anisopliae infection on the mating activity of male Ae. aegypti
under laboratory and small greenhouse conditions
The ability of FEMs to compete with uninfected males and successfully copulate with females
was examined with the aid of fluorescent powders used to mark the male mosquitoes. Before
application of the fluorescent powder, 10 male Ae. aegypti were transferred to a 180 ml paper
cup covered with mesh and anaesthetized by exposure to 4°C for 5 minutes. The cup was
placed in a plastic bag and each powder was applied by filling a syringe (5 ml with 0.6 × 25 mm
needle) with fluorescent powder up to 0.5 ml. The syringe was inserted through the mesh at the
top of the cup and with one gentle push the powder was blown out of the syringe marking the
mosquitoes inside the cup [26]. The FEMs were marked with red powder and uninfected males
were marked with yellow powder. Next, the mosquitoes were anaesthetized again by exposure
to 4°C for 5 minutes for use in the following experiments.
Laboratory. One FEM (marked with red dust), one uninfected male (marked with yellow
dust) and 20 unmarked, uninseminated females were placed in a 1-liter plastic bottle, and con-
fined together from 16:00 h to 19:00 h. At 19:00 h the mosquitoes were immobilized and the
females were collected for dissection and removal of the spermathecae, which were examined
for evidence of insemination. Before dissection the female mosquitoes were examined using a
UV light for the presence of fluorescent powder transfer on to the last abdominal segment (Fig
1). Females were scored into the following four nominal response variable (RV) categories:
Inseminated by FEM (red powder), inseminated by uninfected male (yellow powder), insemi-
nated and encountered by both FEM and uninfected males (both red and yellow powder), and
uninseminated females not contacted by any male (no powder). Ten replicates were carried out
on different days all with a mixture of mosquitoes 4–7 days old.
Semi-field experiments. For each replicate, a single male Ae. aegypti (FEM or uninfected)
was confined with 20 females in a small greenhouse constructed of gauze and cotton walls (6 x
3 x 2.80 meters) (Fig 2). This experiment examined the ability of FEMs to search for female
mates in a large space and compared the copulation activity with that of an uninfected male.
As with the laboratory experiments, the male (FEM or uninfected) and female mosquitoes
were confined from 16:00 h to 19:00 h after which all of the mosquitoes were captured with a
mouth aspirator. The females were then inspected with a UV light for florescent powder and
the spermathecae were dissected to record insemination. First, 10 replicates conducted over 10
sequential days were carried out for uninfected males (yellow powder). After 5 days, the same
process was carried out for FEMs (red powder). In contrast to the laboratory assay, 5 categories
of the nominal RV were recorded: Inseminated by FEM, mating attempts made by FEM
(where female remains uninseminated), inseminated by uninfected male, mating attempts by
Reproductive Parameters ofM. anisopliae-Exposed Aedes aegypti
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uninfected male, and uninseminated females not contacted by any male. A digital higrotherm-
ometer was placed into the greenhouse to register both temperature and relative humidity
(RH) during the 3-hour interval of activity of the released males.
Effect ofM. anisopliae on the successive copulation time in Ae. aegypti
males
For each replicate, 20 male Ae. aegyptimosquitoes were exposed 24 hrs, either to fungus (3 rep-
licates) or a clean control filter (3 replicates). Immediately after exposure to treated or clean fil-
ters, the 20 males per replicate were individually isolated in 1-liter translucent plastic bottles
covered with a mesh and a pad soaked in 5% sucrose. Then, after 30 minutes of rest, 5 virgin
female mosquitoes were confined successively with the same male. For each male, observations
Fig 1. Aedes aegyptimosquito adults marked with fluorescent powders. A:M. anisopliae-exposed male
marked with red fluorescent powder. B: Uninfected male marked with yellow powder. C: A female mosquito
that was mated by both fungus-exposed male and uninfected one, showing spots of powder of both colors on
the last abdominal segments (red and yellow arrows).
doi:10.1371/journal.pntd.0004144.g001
Reproductive Parameters ofM. anisopliae-Exposed Aedes aegypti
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004144 October 16, 2015 5 / 14
began at 9:00 am and concluded when he copulated with the 5th female (a process completed in
less than 4 hours in the experiment). Here, “copulation” was the direct genital contact of a cou-
ple that lasted at least for 10 seconds [21]. Immediately after copulation the female was
removed and replaced by a new one with a mouth aspirator. For all replicates the same 2 people
measured the time to each copulation using chronometers. The total time (minutes) for each
Ae. aegyptimale to copulate successively with 5 different female mosquitoes was the average of
two observations. So, the RV registered here was total time as the minutes elapsed since the
introduction of the 1st female up to the copulation with the 5th one.
Sperm production ofM. anisopliae-exposed Ae. aegyptimales
The sperm production in 3-day old male Ae. aegypti after exposure toM. anisopliae was exam-
ined. Two treatments were tested: males exposed for 24-h to the ED, plus a control where the
males were exposed to clean filters for 24-h. Each treatment had 3 replicates. Initially for each
replicate (FEM, control), approximately 600 eggs (taken from different cages) were placed in 3
enamel trays with 1 liter of distilled water. After 24-h, 300 first instar larvae were transferred to
a tray (50 x 50 x 10 cm) with 5 liters of distilled water (60 larvae/liter) and fed daily with 1.5 g
of dog food. Then, to acquire mainly male pupae, 100 small pupae within the first 24-h of
pupation per tray were transferred to 1-liter plastic cup, which was placed in a cage for adult
emergence with a pad soaked in 5% sucrose. Any females that emerged were removed, and
when the males were 2-day old, they were exposed to the fungus or control filters. Starting the
following day (3-d old), 10 males mosquitoes were removed for dissection each day for 5 conse-
cutive days per day (n = 50). The males were immobilized by exposure to 4°C for 15 minutes
and the spermatozoa were counted [27]. Testis and seminal vesicle were dissected gently,
placed in a culture multi-well plate with 50 μL of phosphate-buffered saline (PBS), and added
150 μL of PBS to have 200 μL of stock solution per male per well. From each well, 5 μL was
Fig 2. Greenhouse to evaluate copulation activity ofM. anisopliae-exposed and uninfected Ae. aegyptimales with female mosquitoes. A wood floor
was added to the structure to facilitate detecting dead mosquitoes on it; the greenhouse was at the Centro de Biotecnología Genómica, Instituto Politécnico
Nacional, Reynosa, Mexico.
doi:10.1371/journal.pntd.0004144.g002
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extracted and deposited in a concave microscope slide. Slides were dried at laboratory condi-
tions (23 ± 2°C, 60 ± 10% RH) for 1-h, washed in 70% ethanol, stained with Giemsa for 1-h,
washed 5 times in 1 ml of distilled water and again dried at laboratory conditions. Spermatozoa
heads stained red were counted under a 40x microscope and multiplied by 40 to convert the
spermatozoa number observed in 5 μL to the total number in 200 μL of stock solution per
male.
Estimation of conidia load in fungus-exposed males and copulated
female Ae. aegypti
To measure the conidial load attached to the body of male mosquitoes, 200 males earlier
exposed to the ED for 24-h were placed in a 5-liter plastic flask covered with a mesh and then
killed immediately by exposure to -20°C for 3 minutes. Next, 20 pools of 3 males (n = 180)
each placed in 1.5 mL centrifuge tubes containing 500 μL of the same mixture used for conidia
harvest. Three replicates were carried out for a total of 60 pools of 3 males each. Conidia were
removed from the cuticle of the 3 males per tube by vortexing 3 times for 1 second, the mosqui-
toes were discarded, and each tube containing the conidia was centrifuged at 5,000 rpm for 5
minutes. The pellet with conidia was re-suspended in 20% lactophenol-blue solution [28] and
3 conidia counts by hemocytometer were used to determine the mean ± SE of conidia mL-1 per
pool. Likewise, a scanning electron microscope (SEM) was used to snap the conidia attached to
the cuticle of front tarsi of 10 fungus-contaminated males prepared as described previously
[29]. Males were killed by freezing, dissected gently, and mounted on metal stubs, then glued
with copper paint, gold-coated, and examined through the SEM.
The conidial load delivered to female mosquitoes during the 1st and 5th successive copula-
tion was compared between females copulating with FEMs (males exposed to fungus for 24h)
or uninfected males exposed to clean filters. Three replicates of 20 males each were carried out.
Each replicate was contained in a 1-liter transparent plastic bottle covered with a mesh and a
pad soaked in 5% sucrose. Individual males were introduced into the experimental chamber,
and then after 30 minutes of rest, 5 virgin female mosquitoes per treatment were confined suc-
cessively with the same male. After copulation, each female was removed promptly with a
mouth aspirator, and a 2ndone was introduced into the flask to induce copulation, and the pro-
cess repeated until the 5th female was introduced and copulated by the same male. Afterwards,
the conidial load adhered to the bodies of the females that participated in the 1st and 5th copula-
tions was estimated on the same day as described for males above.
Survival of Ae. aegypti females exposed to topical application ofM.
anisopliae
The survival of females after exposure to 5,000 conidia mL-1 by topical application of 300 μL per
insect was assessed. This dosage was chosen to represent the quantity of conidia that FEMs are
able to transfer to females during the 5th copulation (see Results). Two treatments were tested:
females that received on the thorax 300 μL of a stock of 5000 conidia mL-1 and those females
that received the same volume of the mixture used to yield conidia but free of fungus. Each treat-
ment had 3 replicates and 10 females per replicate; mortality was registered daily up to the death
of the last female while cadavers and sporulation were processed as described above.
Statistical analysis
For survival, the median lethal time (LT50) in each treatment was computed by the Kaplan-
Meier model and compared by a χ2 log rank test; the survival of treated and uninfected
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individuals was compared separately for males and females. To compare copulation activity
between FEMs and control males in the laboratory, the following model was constructed:
Females = treatment (inseminated by FEM, inseminated by male, inseminated by both, not
inseminated) + day + treatmentday + error, which measured the variation of the least square
means (LSMs) of female mosquitoes among treatments for the entire set of 10 days, within
each day, and the interaction between treatment and day. For the green-house experiments,
the variation of the LSMs of the RV was analyzed among treatments and copulation status by
the model: Females = treatment + copulation status + error, where “copulation status” was
defined as a group of females with presence or absence of insemination/M. anisopliae-infec-
tion. To assess the effect ofM. anisopliae on the time (minutes) required by a male to copulate
5 successive female mosquitoes, a dataset was constructed for total time for the 2 treatments
(24-h and control). Sixty data points were gathered per treatment and 120 data points for the
full dataset. The LSM of “minutes” per male was examined among treatments and replicates
with the model: Minutes = treatment + replicate + error. For the sperm production, the LSMs
for treatments (24-h and control) were computed from the counts of spermatozoa per male,
and compared between treatments for the 5 days, among days within the same treatment and
for the interaction treatmentday by the model: Females = treatment + day + treatmentday
+ error. To examine the conidial loads, the arithmetic means (rounded to the nearest digit)
from 3-mosquito pools of the load of males, the load of females of the 1st and the 5th copula-
tion, were used as data to estimate and compare the LSMs by the model: Load = treatment
+ copulation + pool + error.
All the models were negative binomial (NB) regressions ran by the procedure glimmix with
SAS 9.4, a method that computed the LSMs and ran F and t tests by Tukey-Cramer multiple
comparisons to measure the variation of LSMs among the explanatory variables (qualitative
and quantitative). The procedure also estimated the robustness of each model by the goodness
of fit of the RV to the NB distribution by the ratio Pearson χ2 / freedom degrees (total observa-
tions), which should be 1 [30–31].
Results
Survival of Ae. aegyptimales and females exposed toM. anisopliae
All Ae. aegyptimale mosquitoes died within 6 days post-exposure (PE), whereas survival in
the control extended beyond 30 days. The LT50 for FEMs was 3.69 ± 0.16 days compared to
23.62 ± 0.58 days for uninfected males (χ2 = 168.96, df = 1, p< 0.0001). The sporulation rate
in cadavers of FEMs was 100% indicating that all Ae. aegyptimales deaths were indeed caused
by fungal infection. The survival of female mosquitoes exposed to 5,000 conidia mL-1 by topical
application was significantly shorter (LT50 = 3.36 ± 0.25 days) than for uninfected females
(LT50 = 25.80 ± 0.60 days; χ
2 = 65.06, df = 1, p< 0.0001).
Effect ofM. anisopliae infection on the mating activity of male Ae. aegypti
under laboratory and small greenhouse conditions
In the laboratory, there was no difference in the ability of FEMs to find and copulate with con-
fined females with that of uninfected males. The LSM number of inseminated females was
5.47 ± 0.75 for FEMs, and 5.59 ± 0.76 for uninfected males. Interestingly, 3.21 ± 0.61 females
had and just one female had mixed inseminations whereas only 1.22 ± 0.17 females had no evi-
dence of copulation (Fig 3). The LSMs of female mosquitoes were different only for the explan-
atory variable “treatment” in the model (F = 24.93, df = 3, p< 0.001) meanwhile day and
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interaction treatmentday were not significant. The model was reliable; the NB goodness of fit
test showed a ratio Pearson χ2/freedom degrees of 0.58.
In the small greenhouse, there was no difference in the ability of FEMs and uninfected
males to search for and contact females. The LSMs number of females were not affected by
treatment and day, but only by copulation status (F = 9.31, df = 4, p<0.0001) in the model,
which was robust with a ratio Pearson χ2/ freedom degrees of 0.69; that is there was no statisti-
cal difference between the average number females inseminated by FEMs (9.86 ± 1.44) or con-
trols (8.17 ± 1.17). Furthermore the number of females that were grasped (marked with red
powder) but not inseminated (copulation attempts) by FEMs (7.48 ± 1.18) was greater than
controls (with yellow powder) captured by uninfected males (3.25 ± 0.62); though both groups
did not differ from total females (with no powder marking) that were not contacted by any
male (5.10 ± 0.50) (Fig 4). During this experiment the daily temperature varied between 28°C
and 35°C, and RH between 68 and 88%.
Effect ofM. anisopliae on the successive copulation time in Ae. aegypti
males
The total time (minutes) required by males to copulate with 5 successive female mosquitoes
varied between treatments (F = 97.36, df = 1, p< 0.0001). The ratio Pearson χ2/freedom
degrees of 0.98 indicated an acceptable NB goodness of fit. Therefore, the LSMs for 24-h expo-
sure and control were 165.61 ± 3.58 and 109.23 ± 2.80, respectively. The total time invested by
FEMs was 34% longer than that of uninfected males. For FEMs the total time to attempt or to
successfully copulate ranged between 110 and 220 minutes PE, whereas for uninfected males
the range was 50 to 150 minutes PE (Fig 5).
Fig 3. Daily number of Ae. aegypti femalesmated by aM. anisopliae-exposedmale and an uninfected one in laboratory. Data is the least square
means (LSMs) ± standard error (SE) number of Ae. aegypti female mosquitoes in each insemination class calculated with a glimmix model from 10
replicates. Different letters above bars denote significant differences (p < 0.05) accordingly to by pair-wise Student t tests ran by Tukey-Cramer multiple
comparisons.
doi:10.1371/journal.pntd.0004144.g003
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Sperm production ofM. anisopliae-exposed Ae. aegyptimales
The LSM of spermatozoa per male differed between treatments (F = 1015.31, df = 1, p<
0.0001), among days (F = 12.42, df = 4, p< 0.0001), and in the interaction treatmentday
(F = 167.85, df = 8, p< 0.0001). The ratio Pearson χ2/ degrees of freedom of the NB goodness
of fit test was 0.97. On day 1 PE, the LSM of spermatozoa per male after 24-h fungus exposure
was 1,029 ± 49, which was 46% less than the 1,913 ± 36 spermatozoa in uninfected males. At
day 5 PE, the LSM was 550 ± 30 spermatozoa per FEM, which was 92% less than the spermato-
zoa of uninfected males that had increased up to 6,601 ± 16 per male. Across the entire 5 day
evaluation, sperm production in FEMs was reduced by 47% but was augmented by 71% in
uninfected males.
Estimation of conidia load in fungus-exposed male and copulated female
Ae. aegypti
The LSM of conidia per pool varied significantly between treatments (F = 63.51, df = 2, p<
0.0001) in the model. The ratio Pearson χ2/freedom degrees of the NB goodness of fit test was
0.29. The LSM estimated per pool of three FEMs was 147,866± 21,064 mL-1, equivalent to
49,288 ±7,021 mL-1 per individual FEM. The SEM photograph indicated that conidia layers
and clumps of polyhedronic shape of conidia remained attached on cuticle of front tarsi (Fig
Fig 4. Daily number of Ae. aegypti female mosquitoes mated by a fungus-exposed and an uninfectedmale in a greenhouse. Data are the least
square means (LSMs) ± standard error (SE) number of Ae. aegypti female mosquitoes in five “copulation status” (combination of insemination or not/M.
anisopliae-infection). LSMs were calculated by a glimmix model from 10 replicates. Different letters above bars denote significant differences (p < 0.05)
accordingly to pair-wise t tests conducted by Tukey-Cramer multiple comparisons.
doi:10.1371/journal.pntd.0004144.g004
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6). The LSM conidial load per pool of 3 females from those that participated in the 1st copula-
tion was of 31,348 ± 4,507 spores mL-1(10,449 ± 1,502 mL-1 per individual female), whilst
the same for those involved in the 5th copulation was 15,811 ± 2,285 conidia mL-1(5,270 ± 761
mL-1 per individual female). Therefore, the conidial load of females of the 5th copulation was
50% lower than for females from the 1st copulation, and only 10% of the conidial load of males.
Discussion
Regarding direct impacts on survival, theM. anisopliae strain (CBG-Ma2) had a LT50 of 4
days, which was similar to that reported for other strains [7–8, 10]. Although it is difficult to
compare results across different studies, here the highest copulation rate (inseminated and
not) of 75% recorded for FEMs is comparable to the 65%–85% range reported when 5
males were confined for 24 hours with 20 females in large field cages [32]. Concerning the
Fig 5. Comparison of the total time taken for one Ae. aegyptimale to successively copulate with 5 females. For treatment (n = 3 replicates), the male
mosquitoes were exposed toM. anisopliae (5.96 x 107 conidia cm-2) for 24-h, and control males were exposed to untreated filter papers for 24-h.
doi:10.1371/journal.pntd.0004144.g005
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parameters pertaining to mating activity, both negative and beneficial results were recorded.
The negative impacts were that a longer time was invested by FEMs to successively copulate
with 5 females than uninfected males. Also fungus infection reduced the sperm production
by 87% by day 5 PE.
It is well established that following six inseminations in rapid succession, sperm becomes
depleted in Ae. aegyptimales, and they require 3 days of “sexual resting” to replenish the semi-
nal vesicles [22–33]. Therefore our results suggest that if FEMs are released in field, they will
only spread the pathogen during their first swarming event, but this should subsequently result
in decreased oviposition by exposed females.
Fungus infection, however did have impacts that were beneficial for the potential use of
auto-dissemination as a biocontrol tool. There was no difference in the ability of FEMs to find
and copulate with females in the laboratory or small greenhouse when compared with unin-
fected males. More interestingly, in the small greenhouse the FEMs made more mating
attempts without insemination than the uninfected males. This difference indicates that the
fungus increases male copulations by 27%, which would facilitate auto-dissemination control
strategies. The reason for this observed difference however, is difficult to explain. One hypothe-
sis is this increase in mating attempts is an indirect effect associated with the innate immune
response of male Ae. aegypti. It is possible that the fungus modulates male sexual behavior
to increase its dispersal and propagation, a phenomenon noted in other fungus/insect interac-
tions [34].
The tarsal contact occurring during attempted and successful copulations clearly transfers
conidia from the FEMs to females. When an Ae. aegyptimale copulates, he uses his front
tarsi to hold the female’s hind femora and other legs [21, 25]; and with our ED and exposure
methodology we observed theM. anisopliae conidial loads primarily on the legs of the FEMs
(Fig 6). The 5th female which was copulated received a load of 5,200 conidia mL-1 which was
Fig 6. M.anisopliae conidia attached to front tarsal segments of a male of Ae. aegypti. Intersection of gray line denotes the conidia layer pasted on the
tarsi and white arrows show the polyhedronic shapes of conidia clusters which appeared pasted on tarsal segments.
doi:10.1371/journal.pntd.0004144.g006
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10% of that on the males (49,000 mL-1). Further, through direct topical application, we
observed that this quantity of conidia was sufficient (LT50 = 3 days) to cause significant mor-
tality of the females. This is supported by a recent study in which Ae. aegypti females infected
with Indian strains ofM. anisopliae, there was a mean lethal concentration (LC50) of
5,920conidia mL-1[35].
In conclusion, our study is the first to measure the effect ofM. anisopliae on copulation
behavior of male Ae. aegypti. Although the fungus killed the 50% of males in 4 days, the FEMs
in semi-field conditions captured up to 15 females in successful copulations (8 with insemina-
tion) or mating attempts (7 with no insemination) during the first 3-h of confinement/release,
and a single FEM transferred significant and lethal amounts of conidia to the first 5 females
copulated successively. Our baseline results suggest that biological control of Ae. aegypti by
releasingM. anisopliae-contaminated males to spread the pathogen by mating with wild
females is feasible.
Acknowledgments
We appreciate Drs. Erick De Luna-Santillana, Stephanie V. Laredo-Tiscareño, and Rogelio
Hernández-Guevara (Centro de Biotecnología Genómica-Instituto Politécnico Nacional-
México) for their useful assistance during the semi-field studies. We also thank both our anon-
ymous reviews and editors for their helpful input this manuscript.
Author Contributions
Conceived and designed the experiments: FRVMARP JAGH. Performed the experiments:
JAGH AMGM. Analyzed the data: FRV TLR. Contributed reagents/materials/analysis tools:
MAHB. Wrote the paper: FRV TLR MAHB.
References
1. World Health Organization (2009) Special Programme for Research and Training in Tropical Diseases.
Dengue: Guidelines for Diagnosis, Treatment, Prevention and Control. Geneva: World Health
Organization.
2. Esu E, Lenhart A, Smith L, Horstick O (2010) Effectiveness of peridomestic space spraying with insecti-
cide on dengue transmission; systematic review. Trop Med Int Health 15: 619–631. doi: 10.1111/j.
1365-3156.2010.02489.x PMID: 20214764
3. Simmons CP, Farrar JJ, van Vinh Chau N, Wills B (2012) Dengue. N Engl J Med 366: 1423–1432. doi:
10.1056/NEJMra1110265 PMID: 22494122
4. Hembree SC (1979) Preliminary report on somemosquito pathogens from Thailand. Mosq News 39:
575–582.
5. Laird M (1985) Biological control of mosquitoes. Bull AmMosq Control Assoc 6: 216–218.
6. Clark TB, Kellen WR, Fukuda T, Lindegren JE (1968) Field and laboratory studies on the pathogenicity
of the fungus Beauveria bassiana to three genera of mosquitoes. J Invertebr Pathol 11: 1–7. PMID:
5654770
7. Scholte EJ, TakkenW, Knols B (2007) Infection of adult Aedes aegypti and Ae. albopictusmosquitoes
with the entomopathogenic fungusMetarhizium anisopliae. Acta Trop 102: 151–158. PMID: 17544354
8. Paula AR, Brito ES, Pereira CR, Carrera MP, Samuels RI (2008) Susceptibility of adult Aedes aegypti
(Diptera: Culicidae) to infection by Metarhizium anisopliae and Beauveria bassiana: prospects for Den-
gue vector control. Biocont Sci Tech 18:1017–1025.
9. Darbro JM, Graham RI, Kay BH, Ryan PA, Thomas MB (2011) Evaluation of entomopathogenic fungi
as potential biological control agents of the dengue mosquito, Aedes aegypti (Diptera: Culicidae). Bio-
control Sci Technol 21: 1027–1047.
10. Paula A, Carolino A, Silva C, Pereira C, Samuels R (2013) Testing fungus impregnated cloths for the
control of adult Aedes aegypti under natural conditions. Parasit Vectors 6: 256. doi: 10.1186/1756-
3305-6-256 PMID: 24010874
Reproductive Parameters ofM. anisopliae-Exposed Aedes aegypti
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004144 October 16, 2015 13 / 14
11. Carolino A, Paula A, Silva C, Butt T, Samuels R (2014) Monitoring persistence of the entomopatho-
genic fungus Metarhizium anisopliae under simulated field conditions with the aim of controlling adult
Aedes aegypti (Diptera: Culicidae). Parasit Vectors 7: 198. doi: 10.1186/1756-3305-7-198 PMID:
24766705
12. Garza-Hernández JA, Rodríguez-Pérez MA, Salazar MI, Russell TL, Adeleke MA, et al. (2013) Vecto-
rial capacity of Aedes aegypti for dengue virus type 2 is reduced with co-infection ofMetarhizium aniso-
pliae. PLoS Negl Trop Dis 7: e2013. doi: 10.1371/journal.pntd.0002013 PMID: 23505581
13. Zimmermann G (1993) The entomopathogenic fungus Metarhizium anisopliae and its potential as a
biocontrol agent.Pesticide Sci 37:375–379.
14. Zimmermann G (2007) Review on safety of the entomopathogenic fungus Metarhizium anisopliae. Bio-
control Sci Technol 17:879–920.
15. Shah PA, Pell JK (2003) Entomopathogenic fungi as biological control agents. Appl Microbiol Biotech-
nol 61: 413–423. PMID: 12764556
16. Baverstock J, Roy H, Pell J (2010) Entomopathogenic fungi and insect behaviour: from unsuspecting
hosts to targeted vectors. BioControl 55: 89–102.
17. Vega F, Dowd P, Lacey L, Pell J, Jackson DM, et al. (2007) Dissemination of beneficial microbial
agents by insects. In: Lacey L, Kaya H, editors. Field Manual of Techniques in Invertebrate Pathology:
Springer Netherlands. pp. 127–146.
18. Kaaya GP, Okech MA (1990) Horizontal transmission of mycotic infection in adult tsetse,Glossina mor-
sitans morsitans. Entomophaga 35: 589–600.
19. Scholte E-J, Knols BGJ, TakkenW (2004) Autodissemination of the entomopathogenic fungus Metarhi-
zium anisopliae amongst adults of the malaria vector Anopheles gambiae ss. Malar J3:45.
20. Reyes-Villanueva F, Garza-Hernández J, Garcia-Munguia A, Tamez-Guerra P, Howard A, et al. (2011)
Dissemination ofMetarhizium anisopliae of low and high virulence by mating behavior in Aedes aegypti.
Parasit Vectors 4: 171. doi: 10.1186/1756-3305-4-171 PMID: 21906283
21. Roth LM (1948) A study of mosquito behavior. An experimental laboratory study of the sexual behavior
of Aedes aegypti (Linnaeus). AmMidl Nat 40: 265–352.
22. Foster WA, Lea AO (1975) Renewable fecundity of male Aedes aegypti following replenishment of
seminal vesicles and accessory glands. J Insect Physiol 21: 1085–1090. PMID: 1141702
23. Helinski MEH, Valerio L, Facchinelli L, Scott TW, Ramsey J, Harrington LC (2012) Evidence of polyan-
dry for Aedes aegypti in semifield enclosures. Am J Trop Med Hyg 86:635–641. doi: 10.4269/ajtmh.
2012.11-0225 PMID: 22492148
24. García-Munguía A, Garza-Hernández J, Rebollar-Tellez E, Rodríguez-Pérez M, Reyes-Villanueva F
(2011) Transmission of Beauveria bassiana frommale to female Aedes aegyptimosquitoes. Parasit
Vectors 4: 24. doi: 10.1186/1756-3305-4-24 PMID: 21352560
25. Spielman A (1964) The mechanics of copulation in Aedes aegypti. Biol Bull 127: 324–344.
26. Verhulst NO, Loonen JACM, TakkenW (2013) Advances in methods for colour marking of mosquitoes.
Parasites & Vectors, 6: 200. http://www.parasitesandvectors.com/content/6/1/200
27. Ponlawat A, Harrington LC (2007) Age and body size influence male sperm capacity of the dengue vec-
tor Aedes aegypti (Diptera: Culicidae). J Med Entomol 44: 422–426. PMID: 17547226
28. Hed BE, WindhamMT, Grant JF (1999) Survival of conidia of Discula destructiva in frass of the conver-
gent lady beetle. Plant Dis 83: 806–809.
29. Linley JR (1989) Scanning electron microscopy of the egg of Aedes (Protomacleaya) triseriatus (Dip-
tera: Culicidae). J Med Entomol 26: 474–478. PMID: 2795619
30. SAS Institute (2013) What's New in SAS1 9.4. Cary, NC: SAS Institute
31. StroupWW (2011) Living with generalized linear mixed models. SAS Global Forum 2011. http://
support.sas.com/resources/papers/proceedings11/349-2011.pdf
32. Ponlawat A, Harrington LC (2009) Factors associated with male mating success of the dengue vector
mosquito, Aedes aegypti. Am J Trop Med Hyg 80: 395–400. PMID: 19270288
33. Oliva CF, Damiens D, Benedict MQ (2014) Male reproductive biology of Aedesmosquitoes. Acta Trop
132, Supplement: 12–19.36.
34. Roy HE, Steinkraus DC, Eilenberg J, Hajek AE, Pell JK (2006) Bizarre interactions and endgames:
Entomopathogenic fungi and their arthropod hosts. Annu Rev Entomol, 51: 331–357. PMID: 16332215
35. Kapoor M, Pawar PV, Joseph M, Sen A, Deshpande MV (2013). Evaluation of biocontrol potential of
Metarhizium anisopliae strains against larvae and adults of Aedes eegypti (L.). J Biol Control, 27: 194–
203.
Reproductive Parameters ofM. anisopliae-Exposed Aedes aegypti
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004144 October 16, 2015 14 / 14
